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Abstract
We describe the B0 and B0s decays into J/ψ f0(500) and J/ψ f0(980) by taking into account
the dominant process for the weak decay of B0 and B0s into J/ψ and a qq¯ component. After
hadronization of this qq¯ component into pairs of pseudoscalar mesons we obtain certain weights
for the meson-meson components and allow them to interact among themselves. The final state
interaction of the meson-meson components, described in terms of chiral unitary theory, gives rise
to the f0(980) and f0(500) resonances and we can obtain the pi
+pi− invariant mass distributions
after the decay of the resonances, which allows us to compare directly to the experiments. We
obtain ratios of J/ψ f0(980) and J/ψ f0(500) for each of the B decays in quantitative agreement
with experiment, with the f0(980) clearly dominant in the B
0
s decay and the f0(500) in the B
0
decay.
PACS numbers:
1
I. INTRODUCTION
The LHCb Collaboration measured the B0s decays into J/ψ and pi
+pi− and observed a
pronounced peak for the f0(980) [1]. Simultaneously the signal for the f0(500) was found
very small or non-existent. The Belle Collaboration followed suit and reported similar results
[2], providing absolute rates for the f0(980) production with a branching ratio of the order
of 10−4. Results of this order of magnitude have been predicted using light cone QCD sum
rules under the factorization assumption [3]. The CDF Collaboration corroborated these
latter results in [4]. Further confirmation was provided by the D0 Collaboration in [5]. The
LHCb Collaboration has brought much information into the topic and in [6] results are
provided for the B¯0s decay into J/ψ f0(980) followed by the pi
+pi− decays of the f0(980).
Once again the f0(980) production is seen clearly while no evident signal is seen for the
f0(500). The interesting thing is that in the analogous decay of B¯
0 into J/ψ and pi+pi− [7]
a signal is seen for the f0(500) production and only a very small fraction is observed for
the f0(980) production, with a relative rate of about (1-10)% with respect to that of the
f0(500). Research has followed in the same collaboration and in [8] the B¯
0
s into J/ψ and
pi+pi− is investigated. Once again a clear peak is observed for f0(980) production, while
f0(500) production is not observed. The B¯
0 into J/ψ and pi+pi− is further investigated in
[9] with a clear contribution from the f0(500) and no signal for the f0(980).
Such striking behavior has served the authors of [10] to conduct a theoretical study in
which they discuss the repercussions of assuming the f0(980) and f0(500) to be qq¯ states or
tetraquarks. On the other hand, the last fifteen years have witnessed a spectacular advance
in our understanding of the low energy scalar mesons, made possible by the studies of chiral
perturbation theory [11, 12] complemented by the requirement of exact unitarity in coupled
channels [13, 14]. For the case of the scalar mesons it was found that the treatment of the
interaction of pseudoscalar mesons using chiral unitary theory gave rise to the appearance of
the f0(500) and f0(980) resonances in a natural way, leading to what is called dynamically
generated resonances [15–20]. These ideas have been largely and successfully tested in a
variety of reactions where the f0(500) and f0(980) are produced. This is the case of [21]
for the J/ψ decay into pp¯ and a pair or mesons, where the f0(500), f0(980) and a0(980)
production is well reproduced, the γγ → pipi reaction [22], the φ → γpipi reaction [23, 24],
the J/ψ → φ(ω)pipi where different signals for the f0(500), f0(980) are observed depending
on the reaction [25–29] and many others.
The works of [25, 26], where explicit consideration of final state interaction of the pipi, KK¯
is taken into account, are also used in weak decays of B mesons, concretely the B → pipiK
decay [30, 31]. Other related papers are those of [32, 33], where the B → f0(980)K reaction
is studied and the f0(980) is treated as a qq¯ state, or the one of [34] that studies the Bs →
f0(980)J/ψ, where the amplitude is parametrized and fitted to data. The B → f0(980)K
reaction is also studied in [35], again parametrizing the amplitude and discussing about the
f0(980) nature as a qq¯ or a tetraquark state.
The idea that we exploit here is to take the dominant mechanism for the weak decay
of the B’s into J/ψ and a primary qq¯ pair, which is dd¯ for B0 decay and ss¯ for B0s decay.
After this, the qq¯ pair is allowed to hadronize into a pair of pseudoscalar mesons and only
the relative weights of the different pairs of mesons is needed. Once the production of these
meson pairs has been achieved, they are allowed to interact, for what chiral unitary theory
in coupled channels is used, and automatically the f0(500), f0(980) resonances are produced.
We are then able to evaluate ratios of these productions in the different decays studied and
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FIG. 1: Diagrams for the decay of B¯0 and B¯0s into J/ψ and a primary qq¯ pair, dd¯ for B¯
0 and ss¯
for B¯0s .
we find indeed a striking dominance of the f0(500) in the B
0 decay and of the f0(980) in
the B0s decay in a very good quantitative agreement with experiment.
II. FORMALISM
Following [10] and [1, 2, 4–9] we take the dominant weak mechanism for B¯0 and B¯0s decays
(the case is the same for B0 and B0s decays) which we depict in Fig. 1.
The differences between the two processes are: (i) Vcd appears in the Wcd vertex in B¯
0
decay while Vcs appears for the case of the B¯
0
s decay, where Vcd,Vcs are the matrix elements
of the Cabbibo-Kobayashi-Maskawa (CKM) matrix; (ii) One has a dd¯ primary final hadron
state in B¯0 decay and ss¯ in B¯0s decay. Yet, one wishes to have pi
+pi− in the final state
as in the experiments. For this we need the hadronization. This is easily accomplished:
schematically this process is as shown in Fig. 2, and adds an extra qq¯ pair with the quantum
numbers of the vacuum, uu¯+dd¯+ ss¯. Next step corresponds to writing the qq¯(uu¯+dd¯+ ss¯)
combination in terms of pairs of mesons. For this purpose we follow the work of [36] and
define the qq¯ matrix M ,
M =


uu¯ ud¯ us¯
du¯ dd¯ ds¯
su¯ sd¯ ss¯

 (1)
which has the property
M ·M =M × (uu¯+ dd¯+ ss¯). (2)
q
q¯
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FIG. 2: Schematic representation of the hadronization qq¯ → qq¯(uu¯+ dd¯+ ss¯).
Now, in terms of mesons the matrix M corresponds to
φ =


1√
2
pi0 + 1√
6
η pi+ K+
pi− − 1√
2
pi0 + 1√
6
η K0
K− K¯0 − 2√
6
η

 , (3)
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FIG. 3: Diagrammatic representation of pi+pi−, via direct plus rescattering mechanisms in B¯0 decay
(a), and via rescattering for B¯0s decay (b).
where η is actually η8 (we shall come back to this).
1 Hence, in terms of two pseudoscalars
we have the correspondence:
dd¯(uu¯+ dd¯+ ss¯) ≡ (φ · φ)
22
= pi−pi+ +
1
2
pi0pi0 − 1√
3
pi0η +K0K¯0 +
1
6
ηη,
ss¯(uu¯+ dd¯+ ss¯) ≡ (φ · φ)
33
= K−K+ +K0K¯0 +
4
6
ηη. (4)
We can see that pi+pi− is only obtained in the first step in the B¯0 decay and not in B¯0s
decay. However, upon rescattering of KK¯ we also can get pi+pi− in the final state, as we
shall see. Yet, knowing that the f0(980) couples strongly to KK¯ and the f0(500) to pipi, the
meson-meson decomposition of Eqs. (4) already tells us that the B¯0 decay will be dominated
by f0(500) production and B¯
0
s decay by f0(980) production. The quantitative evaluation is
done below.
Let us call VP the production vertex which contains all dynamical factors common to
both reactions. The pi+pi− production will proceed via primary production or final state
interaction as depicted in Fig. 3.
The amplitudes for pi+pi− production are given by
t(B¯0 → J/ψpi+pi−) = VPVcd(1 +Gpi+pi−tpi+pi−→pi+pi− + 1
2
1
2
Gpi0pi0tpi0pi0→pi+pi−
+GK0K¯0tK0K¯0→pi+pi− +
1
6
1
2
Gηηtηη→pi+pi−),
t(B¯0s → J/ψpi+pi−) = VPVcs(GK+K−tK+K−→pi+pi− +GK0K¯0tK0K¯0→pi+pi− +
4
6
1
2
Gηηtηη→pi+pi−) ,
(5)
1 In fact M corresponds to φ + 1√
3
diag(η1, η1, η1), where η1 is the singlet of SU(3). In chiral perturbation
theory the η1 term is removed since it does not lead to any interaction. Here we should keep it to match
the M matrix, but, in as much as the η1 is essentially the η
′ state, since the mass of η′ is much bigger
than any one of the octet, we can neglect the η1 and work with the ordinary φ matrix.
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where Gi are the loop functions of two meson propagators
Gi(s) = i
∫
d4q
(2pi)4
1
(P − q)2 −m21 + iε
1
q2 −m22 + iε
, (6)
where m1, m2 are the masses of the mesons in the i-channel, q is the four-momentum of
one meson, and P is the total four-momentum of the system, thus, s = P 2. The integral is
performed integrating exactly for q0 and implementing a cutoff Λ of the order on 1 GeV/c
for the three momentum. The elements tij are the scattering matrices for transitions of
channel i to j. According to [15] this matrix is given by
t = [1− V G]−1V, (7)
and the V matrix is taken from [15] complemented with the matrix elements of the ηη
channels, which we have taken from [37]. Numbering the channels as 1 for pi+pi−, 2 for pi0pi0,
3 for K+K−, 4 for K0K¯0 and 5 for ηη, the matrix elements projecting into S-wave are
V11 = − 1
2f 2
s, V12 = − 1√
2f 2
(s−m2pi), V13 = −
1
4f 2
s,
V14 = − 1
4f 2
s, V15 = − 1
3
√
2f 2
m2pi, V22 = −
1
2f 2
m2pi,
V23 = − 1
4
√
2f 2
s, V24 = − 1
4
√
2f 2
s, V25 = − 1
6f 2
m2pi, (8)
V33 = − 1
2f 2
s, V34 = − 1
4f 2
s, V35 = − 1
12
√
2f 2
(9s− 6m2η − 2m2pi),
V44 = − 1
2f 2
s, V45 = − 1
12
√
2f 2
(9s− 6m2η − 2m2pi), V55 = −
1
18f 2
(16m2K − 7m2pi),
where f = 93 MeV is the pion decay constant and the unitary normalization |ηη〉 → 1√
2
|ηη〉,
|pi0pi0〉 → 1√
2
|pi0pi0〉 has been taken to easily account for the identity of the particles when
using the G function without an extra factor in Eq. (7). The good normalization of the t
matrices must be restored in Eqs. (5).
In [15] only the pipi,KK¯, channels were considered, while here, as in [17], we also include
the ηη channel. The threshold of this channel is far away from the f0(500) and not so much
from the f0(980). The results obtained with or without the ηη channel are very similar
but the cutoff needed with two channels is Λ = 903 MeV/c, while it is 600 MeV/c for the
three channels. The effective inclusion of new channels by means of a change in the cutoff
is common place in coupled channels problems.
Another point to consider is that in Eqs. (8) one is assuming the physical η to be η8 of
SU(3), however, there is a small mixing with the singlet η′. One has the η = cos θP η8 −
sin θP η1. Since the η1 has null interaction with the chiral Lagrangians, one must multiply the
matrix elements of Eqs. (8) by cos θP for each η involved in the process. Since θP = −14.34◦
[38], the effect of the mixing is very small but we take it into account.
In Eqs. (5) we made use of the fact that both the f0(500) and f0(980) appear in relative
L = 0 meson-meson orbital angular momentum, and then pipi in the final state selects I = 0,
hence, the pi0η intermediate state does not contribute. Note also that with respect to the
weights of the meson-meson components in Eqs. (4) we have added a factor 1/2 for the
propagation of the pi0pi0 and ηη states which involve identical particles.
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The Vcd and Vcs CKM matrix elements are in this case related to the Cabbibo angle,
Vcd = − sin θc = −0.22534,
Vcs = cos θc = 0.97427. (9)
One final element of information is needed to complete the formula for dΓ/dMinv, withMinv
the pi+pi− invariant mass, which is the fact that in a 0− → 1−0+ transition we shall need an
L′ = 1 for the J/ψ to match angular momentum conservation. Hence, VP = A pJ/ψ cos θ,
and we assume A to be constant (equal to 1 in the calculations). Thus,
dΓ
dMinv
=
1
(2pi)3
1
4M2
B¯j
1
3
p2J/ψpJ/ψp˜pi
∑∑∣∣∣t˜B¯0
j
→J/ψpi+pi−
∣∣∣2 , (10)
where the factor 1/3 is coming from the integral of cos2 θ and t˜B¯0
j
→J/ψpi+pi− is
tB¯0
j
→J/ψpi+pi−/(pJ/ψ cos θ), which depends on the pi
+pi− invariant mass. In Eq. (10) pJ/ψ
is the J/ψ momentum in the global CM frame (B¯ at rest) and p˜pi is the pion momentum in
the pi+pi− rest frame,
pJ/ψ =
λ1/2(M2
B¯
,M2J/ψ,M
2
inv)
2MB¯
, p˜pi =
λ1/2(M2inv, m
2
pi, m
2
pi)
2Minv
. (11)
III. RESULTS
In Fig. 4 we show the pi+pi− invariant mass distribution for the case of the B¯0s → J/ψpi+pi−
decay. We compare our results with the data of [8] where more statistics has been accu-
mulated than in the earlier run of [1]. The data are collected in bins of 20 MeV. Thus, we
fold our mass distributions with the size of the bins, and compare the results obtained with
those in fig. 14 of [8]. The data points, given in events per bin in the experimental paper, are
normalized here to match the theoretical strength at the peak of the distribution. We can
see that the agreement is quantitatively good. We observe an appreciable peak for f0(980)
production and basically no trace for f0(500) production. At lower invariant masses both
the theory and experiment show a very small strength, with the theory below the data. The
agreement is even better with the dashed line in fig. 14 of [8] where a small background
has been subtracted. At invariant masses above the f0(980) peak, contribution from higher
energy resonances, which we do not consider, is expected [8].
The second of Eqs. (5) tells us why the f0(500) contribution is so small. All intermediate
states involved KK¯, ηη, have a mass in the 1 GeV region and the G functions are small
at lower energies. Furthermore, the coupling of the f0(500) to both KK¯ and ηη is also
extremely small, such that the t matrices involved have also small magnitudes.
Note that in this decay we could have also J/ψ and vector meson production, but the ss¯
component would give φ production which does not decay to pipi. The case is quite different
for the B¯0 → J/ψpi+pi− decay, because now we can also produce J/ψρ (ρ → pi+pi−) decay
and in fact this takes quite a large fraction of the J/ψpi+pi− decay, as seen in [9]. We plot
our relative S-wave pi+pi− production for the B¯0 → J/ψpi+pi− decay in Fig. 5.
We can see that the f0(500) production is clearly dominant. The f0(980) shows up as
a small peak. The strength of the peak of the f0(980) is about 1/3 of that of the f0(500).
A direct comparison with the extracted results for the f0(500) and f0(980) from the partial
6
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FIG. 4: pi+pi− invariant mass distribution for the B¯0s → J/ψpi+pi− decay, with arbitrary normal-
ization. Data from [8].
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FIG. 5: pi+pi− invariant mass distribution for the B¯0 → J/ψpi+pi− decay, with arbitrary normal-
ization.
wave analysis of [9] (see fig. 13 of [9]) is not possible because of the smallness of the f0(980)
signal, which is of the order of the fluctuations of the data and is not shown in the figure.
However, a test can be done to compare the results: If we integrate the strength of the two
resonances over the invariant mass distribution we find
B[B¯0 → J/ψf0(980), f0(980)→ pi+pi−]
B[B¯0 → J/ψf0(500), f0(500)→ pi+pi−]
= 0.033± 0.007, (12)
with an admitted 20% uncertainty from the decomposition of the strength in Fig. 5 into the
two resonances. The most recent experimental result is
(
0.6+0.7+3.3−0.4−2.6
)
× 10−2 (13)
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from [9] which superseded the earlier one
(
9.5+6.7−3.4 ± 3
)
× 10−2 (14)
from [7]. The central value that we obtain is five times bigger than the central value of the
experiment in Eq. (13), yet, by considering the errors in Eq. (13) we get a band for the
experiment of 0 ∼ 0.046 and our results are within this band.
There is another point in our calculations worth noting. The normalization of Figs. 4
and 5 is arbitrary but the relative size is what the theory predicts. It is easy to compute
that
Γ(B0 → J/ψf0(500))
Γ(B0s → J/ψf0(980))
≃ (4.5± 1.0)× 10−2. (15)
This number is in agreement within errors with the band of (2.08 ∼ 4.13)× 10−2 that one
obtains from the branching fractions of 9.60+3.79−1.20 × 10−6 for B¯0 → J/ψf0(500) from [7] and
3.40+0.63−0.16 × 10−4 for B¯0s → J/ψf0(980) from [6] .
Added to the results obtained for many other reactions, as quoted in the Introduction, the
present reactions come to give extra support to the idea originated from chiral unitary theory
that the f0(500) and f0(980) resonances are dynamically generated from the interaction of
pseudoscalar mesons and could be interpreted as a kind of molecular states of meson-meson
with the largest component pipi for the f0(500) and KK¯ for the f0(980).
So far we have assumed that VP is constant up to the P -wave factor. Actually there is
a form factor for the transition that depends on the momentum transfer. Then it could be
different for f0(500) or f0(980) production. Yet, in [39] this form factor is evaluated and it
is found that F σB0s (m
2
J/ψ)/F
f0
B0s
(m2J/ψ) = 1, where σ, f0 stand for the f0(500), f0(980). In [40]
the same results are assumed, as well as in [10], where by analogy F σB0(m
2
J/ψ)/F
f0
B0(m
2
J/ψ) is
also assumed to be unity. In addition, in [10] it is also found from analysis of the experiment
that F f0B0s (m
2
J/ψ)/F
σ
B0(m
2
J/ψ) is compatible with unity. These findings justify the assumption
made of a constant form factor in the range of energies discussed here.
IV. CONCLUSION
In this paper we have addressed the B0 and B0s decays into J/ψ f0(980) and J/ψ f0(500)
and have looked at the f0(980) and f0(500) production in both cases. The formalism is
easy to follow: starting from the dominant weak decay process we have J/ψ dd¯ production
for the B0 decay and J/ψ ss¯ production in the B0s decay. Upon hadronization into meson-
meson components we realize that the dd¯ contains pipi components while the ss¯ does not and
contains mostlyKK¯. This already hints at the dominance of f0(500) in the B
0 decay and the
f0(980) in the B
0
s decay since the f0(500) couples mostly to pipi, while the f0(980) couples
mostly to KK¯. We have made a quantitative study by allowing the primary produced
meson-meson pairs to interact among themselves, using for this the chiral unitary approach,
and then the two resonances are generated. We observe a pronounced f0(980) peak in the pipi
invariant mass distribution for the B0s decay and no visible trace of the f0(500) production,
like in the experiment. On the other hand, in the B0s decay, both the f0(500) and f0(980)
excitations are visible, but the f0(980) production represents only a very small fraction of
the f0(500), also in quantitative agreement with experiment.
The results obtained here add to the analysis of other reactions where both the f0(500)
and f0(980) are also produced. The systematic and accurate agreement of the predictions of
8
chiral unitary theory with experiment is remarkable and gives a strong support to the idea
of the low lying scalar mesons as being formed from the interaction of pairs of pseudoscalar
mesons, qualifying as dynamically generated resonances.
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